Abstract Dose-response curves of the effects of semiochemicals on neurophysiology and behavior are reported in many articles in insect chemical ecology. Most curves are shown in figures representing points connected by straight lines, in which the x-axis has order of magnitude increases in dosage vs. responses on the y-axis. The lack of regression curves indicates that the nature of the dose-response relationship is not well understood. Thus, a computer model was developed to simulate a flux of various numbers of pheromone molecules (10 3 to 5×10 6 ) passing by 10 4 receptors distributed among 10 6 positions along an insect antenna. Each receptor was depolarized by at least one strike by a molecule, and subsequent strikes had no additional effect. The simulations showed that with an increase in pheromone release rate, the antennal response would increase in a convex fashion and not in a logarithmic relation as suggested previously. Non-linear regression showed that a family of kinetic formation functions fit the simulated data nearly perfectly (R 2 >0.999). This is reasonable because olfactory receptors have proteins that bind to the pheromone molecule and are expected to exhibit enzyme kinetics. Over 90 dose-response relationships reported in the literature of electroantennographic and behavioral bioassays in the laboratory and field were analyzed by the logarithmic and kinetic formation functions. This analysis showed that in 95 % of the cases, the kinetic functions explained the relationships better than the logarithmic (mean of about 20 % better). The kinetic curves become sigmoid when graphed on a log scale on the x-axis. Dose-catch relationships in the field are similar to dose-EAR (effective attraction radius, in which a spherical radius indicates the trapping effect of a lure) and the circular EAR c in two dimensions used in mass trapping models. The use of kinetic formation functions for doseresponse curves of attractants, and kinetic decay curves for inhibitors, will allow more accurate predictions of insect catch in monitoring and control programs.
Introduction
It is apparent from many studies that dose-response curves of electroantennographic (EAG) voltages or neuronal spike frequencies, as well as bioassays in the laboratory, are plotted with a logarithmic scale on the x-axis (e.g., Al Abassi et al. 2000; Anderson et al. 1993; Byers 1983; Delorme and Payne 1990; Dickens et al. 1997; Dolzer et al. 2003; Gemeno et al. 2003; Hilbur et al. 2001; Moore 1981; Preiss and Priesner 1988; Schal et al. 1990; Teale et al. 1991) . The plots of data points of increasing dosages usually are connected by straight lines, probably because the curvilinear relationships were poorly understood and complicated to plot. Researchers, as a general rule, know that biological response increases slowly as a function of large increases in semiochemical dose. Thus, they have usually used order of magnitude steps in the release or dosage of semiochemicals (e.g., Byers 1983 Byers , 1988 Byers et al. 1979 Byers et al. , 1988 Chuman et al. 1987; Grant and Lanier 1982; Jewett et al. 1996; Moore 1981; Schlyter et al. 1987; Teale et al. 1991; Tilden and Bedard 1985) . In regard to mass trapping, Byers (2007) suggested that a linear increase in pheromone release rate should result in a logarithmic increase in catch (using data from Byers 1988, and Byers et al. 1988) .
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In practical terms, this means that exponentially more pheromone needs to be released for a linear increase in catch (Byers 2007) . For example, if Y is response and X is pheromone release rate, then Y=a+bln(X), and response increases as the log of release rate. Solving for the pheromone release rate would give X=exp[(Y−a)/b], showing that an exponential increase in release rate is needed to give a linear increase in response.
The question then arises; does a logarithmic relationship describe dose-response curves in the laboratory and field better than other functions? In the course of analyzing the literature for dose-response curves to see how well logarithmic and other relationships fit the data, it became apparent that various kinetic formation functions fit the data better. This is reasonable, because enzymes function intimately in semiochemical reception by the antenna and in neuronal conductance of signals to the brain (Leal 2005; Rützler and Zwiebel 2005; Sachse and Krieger 2011) . However, to my knowledge, there are no simulation models that describe the basic mechanism of the semiochemical dose and antennal response relationship that is crucial for behavioral activity, orientation, and catch in the field. It is fair to say that such models, as well as non-linear regression analysis of dose-response "curves", have been little explored in chemical ecology.
Dose-response curves are related to the effective attraction radius (EAR), which is a spherical volume in the field that describes the attractive effect of a semiochemical lure and trap. The EAR is defined by the silhouette area of the blank trap, and the ratio of catch between the attractive semiochemical traps and the blank traps (Byers 2009 (Byers , 2012a Byers et al. 1989; ) . For example, if a blank sticky sphere of 0.1 m 2 silhouette area catches one insect per day, and if a pheromone trap catches 50 insects per day, then, in effect, the pheromone trap's silhouette area (A) is 50 times larger (A=5 m 2 ). Thus, the radius of the pheromone sphere or silhouette is (A/π) 0.5 =1.26 m. Changes in the density of flying insects do not alter the EAR, since this is based on a ratio of catch on active and blank traps. The EAR has been used to compare the strengths of lures, either among species, blends, or dosages, or any combination thereof. The EAR can be used in detection and monitoring (Byers 2012a, b) or to predict population reduction due to mass trapping with different initial values for densities of insects and traps, and trapping duration (Byers 2007 (Byers , 2012b . Because modeling in two dimensions is easier and faster than in three dimensions, the EAR can be transformed to a circular EAR c in two dimensions for use in mass trapping models (Byers 2009 ). The transformation, however, requires estimation of the standard deviation of the vertical flight distribution of the insect (Byers 2011) . As EAR and EAR c both depend on catch, how do they change according to a dose-response relationship in the field?
The first objective of this study was to develop a simple model of antennal reception of semiochemicals and determine the type of relationship between dosage of semiochemical and spike frequency, or EAG voltage, of the antenna. The second objective was to use linear and non-linear regression to test both the logarithmic and kinetic formation functions (enzyme kinetics) for fit to the generated data of the simulation model.
The third objective was to analyze the data similarly from many studies in the literature for EAG, laboratory bioassay, and field catches with regard to dosage or release rate of semiochemical. A better understanding of dose-response curves in chemical ecology should result from these analyses and modeling. In addition, methods for fitting dose-response curves with kinetic functions will allow more accurate estimation of the trap lure's EAR and EAR c for predicting insect catches in monitoring and mass trapping programs.
Methods and Materials
Computer Modeling of Semiochemical Release Rate and EAG Responses To test, theoretically, the fundamental relationship of antennal response to a linear increase in pheromone release rate, a simple computer model is proposed. The simulation assumes there is a flux of pheromone molecules passing the antennae and some of the molecules may strike receptors (Fig. 1) . Any molecule striking a receptor causes a contributing signal (depolarization), and subsequent strikes by other molecules on this depolarized receptor have no effect (i.e., a competitive effect). The model was programmed in Java 6 language (Oracle, Redwood Shores, CA, USA) to have 23 different numbers of molecules (n ranging from 10 3 to 5×10 6 ) strike an antenna with 10 4 receptors distributed evenly among Fig. 1 In theory, a flux of pheromone molecules ranging from 10 3 to 5×10 6 (represented by arrows) may randomly strike non-sensory positions (represented as white cells) or receptors (darker cells) on an insect antenna that is simulated as a memory array of 10 6 positions, of which 10 10 6 possible positions (i.e., every 100th position), acting as described above (Fig. 2) . These numbers are not necessarily realistic but should describe the essential dynamics. Thus, a random whole number, z, from 1 to 10 6 , was chosen n times, where each z represents one of the 10 6 positions on the antenna. As receptors were evenly distributed in 1/100 of the possible positions, if a random z is evenly divisible by 100, then this corresponds to a hit of a receptor at position z [i.e., z modulus (10 6 /10 4 ) equals 0] and the memory array cell for this position is incremented. After each flux of molecules, the memory array was searched for cells with counts of one or more to obtain a number of receptor hits or receptors depolarized (Fig. 2) . The simulations were repeated eight times for each n, and the resulting mean hits and 95 % confidence intervals (CI) recorded.
Non-linear Regression Functions Fitting Dose-response Curves of Simulated and Experimental Data Sixty six simple functions and 22 kinetic formation functions were fit by linear and non-linear regression to the 23 data points of n molecules vs. hits using TableCurve 2D version 5.01 (Systat Software Inc., Chicago, IL, USA). The simple functions included the common logarithmic function [Y=a+bln(X)]. One of 12 kinetic functions (Results) that fit the data of the model nearly exactly (R 2 >0.999) was Y=a+b(1−exp(−cX)), and the intercept (a) could be randomly assigned negative values to obtain many different receptor sensitivity curves by plotting only positive Y values. The sum of these curves can represent the EAG signal that is a sigmoid curve or logistic form that is sometimes seen in the literature of dose-response curves (Van Giessen et al. 1994; Sans et al. 1997) . To demonstrate this effect, the QuickBASIC 4.5 language (Microsoft Corp., Redmond, WA, USA) was used to generate 50 such curves by setting a=−4000(RND), where RND is a uniform random number between 0 and 1, b=3999(RND)+6000, and c=5×10
. The Y values of the 50 curves were summed at 100 places along the X-axis (every 5×10 4 ) to obtain a composite curve that was fit by the same functions above.
Dose-response curves for EAG, behavioral activities in the laboratory, or insect catch in the field were obtained from the literature (my knowledge and aided by keywords "dose response") and fit to the 18 best-fitting functions found for the simulated data. In addition, these data were fit by a logarithmic function because the relationship between pheromone release rate and catch in the field is often described in this manner (Byers 2012b) . Because Van Giessen et al. (1994) suggested a logistic function would fit dose-response curves, the EAG data sets were subjected to regression with a logistic function, Y=a/(1+X/b c ). In contrast to attractants, inhibitors, such as verbenone, reduce orientation responses (in this example, by the bark beetle Dendroctonus brevicomis to its aggregation pheromone; Tilden and Bedard 1988) . These inhibitor dose-response data were fit by 14 kinetic decay functions. For all data sets extracted from the literature, the adjusted R 2 (R 2 ) was reported instead of R
2
. This is because several regression models were compared that had from 2-5 terms (Table 1 ) and the data sets had relatively few points (N≤6). Dose-response data were obtained from articles in PDF format (Adobe Systems, Inc., San Jose, CA) by screencapturing the figures and pasting the images into a paint program (Paint Shop Pro 5.0, Jasc Software, Corel Corp., Ottawa, Canada). The mouse cursor then was used to obtain y coordinates of image pixels representing various data points that were converted to y-data values (D y ) by the following formula:
where y 0 =pixel value at y-axis zero, y d =pixel value at y-value of interest, N y =number representing highest Y in graph, and y N =pixel value at N y . For example, if y 0 =694 , y d =442, y N =244, and N y =500, then D y =280 insects/trap/day. Responses (EAG or behavioral) that were not considered higher than the control (no semiochemical), or those that were zero, (10 6 ) upon which a much smaller number of receptors (10 4 ) are placed. The hits are the number of receptors that are stimulated by at least one pheromone molecule to produce a spike (these would summate resulting in an EAG or spike frequency)
were not used in regressions, because low dosages with no effect on response on a log scale would bias the analysis.
Plotting Kinetic Formation Functions on Logarithmic X-axis
Scales Dose-response data are usually represented on a log scale for dosage, but plotting is simplified by using order of magnitude dosages that are evenly spaced along the x-axis. The simulation model generated dose-response data that were plotted on a linear scale and fit by the logarithmic and kinetic functions. Thus, it is of interest to determine the shape of one of the kinetic functions [Y=a(1−exp(−bX))] that fitted the simulated data well and compare this to a logarithmic function on a logarithmic scale. Plotting a continuous dosage (X) on a log-scale was accomplished with the following formula:
where low=the lowest X value, high=the highest X value, and α are the X values to plot between low and high. The Y values (responses) were plotted on a linear scale.
Comparison of Dose-response Curves and EAR and EAR c in the Field A dose-response curve, based on the kinetic function C a =a+b(1−exp(−cX)), where C a =insect catch, can be converted to the spherical EAR, assuming a specific silhouette area (S) for a sticky trap and a catch of 1 on the blank sticky trap (C b ), according to the formula: EAR=[(C a S)/(πC b )] 0.5 (Byers et al. 1989) . The EAR c (circular or two-dimensional EAR) is calculated from the EAR and the standard deviation, SD, of the vertical flight distribution of the insect according to:
] (Byers 2009 (Byers , 2011 . To demonstrate the respective relationships between dose and trap catch, EAR and EAR c , the catch of Ips typographus in response to cis-verbenol aggregation pheromone was used (Schlyter et al. 1987 ). An estimate of the beetle's vertical flight SD, required for the calculation of EAR c , was obtained from Byers et al. (1989) .
Results
Computer Modeling of Semiochemical Release Rate and EAG Responses A flux of semiochemical molecules passing randomly by an antennal surface with many positions upon which a limited number of receptors are distributed ( Fig. 1 ) was simulated in a computer program (Fig. 2) . The simulations generated the variable, hits, which is the number of receptors (e.g., 10 4 ) distributed among 10 6 positions on the antenna (every j th position, where j=positions/receptors=100) that are struck at least once by a molecule in a flux of many (e.g., 2,000,000) passing by at random. In this case, the mean number of depolarized receptors (hits) was 8,650±19 (±95 % CL, N=8), or 86.5 % of the receptors were stimulated. The simulations generated a relationship between number of molecules in a flux and the resulting hits (or number of receptors stimulated); this relationship was analyzed in the next section.
Non-linear Regression Functions Fitting Dose-response Curves of Simulated and Experimental Data Many of the kinetic formation functions fit the simulated data nearly (1/(1−c))
Variable order, through origin
Variable order, intercept form G (8150) Y=a(1−exp(−bX))+c(1−1/(1+cdX)) 2nd order independent, origin H (8151) Y=a+b ( perfectly (Fig. 3) . For example, functions A to L (Table 1) each had R 2 >0.9999. Although kinetic functions M to R (Table 1) did not fit the simulated data as well (R 2 =0.9919 to 0.9959) they may fit real dose-response curves and, therefore, were included in the analyses. The logarithmic function, while explaining about 79.4 % of the variation in the simulated data, clearly did not fit the data as well as the kinetic functions (Fig. 3) . The sum of 50 kinetic functions of the form Y=a+b(1−exp(−cX)) (equation B from Table 1 ) that were generated, each with a different y-intercept, might represent a spike frequency output of 50 receptors of different sensitivity; this produced a sigmoid curve representing the dose-EAG signal (Fig. 4) . This curve was fit best by functions I and J (Table 1) , which are first order sequential formation functions (both R 2 >0.9999). Similarly, the logistic dose-response curve Y=a/(1+(X/b) c ) also gave R 2 >0.9999. This shows that a summation of individual kinetic functions that are all convex can yield a sigmoid curve when plotted on a linear X scale (Fig. 4) .
The kinetic formation functions (Table 1) describing various enzyme reactions from first order to third order were examined for their fit to the dose-response data from the literature, for comparison with the logtransformed linear regression [Y=a+bln(X)]. As noted earlier, fit of a model function to insect sample sets is indicated by the adjusted R 2 (the closer to 1, the better the fit), and will be referred to as r 2 . Of 45 dose-response curves using EAG (voltage depolarization or spike frequency), all but one were explained best (highest r 2 ) by kinetic functions. Of those 44 data sets, 36 were fit best by functions A-L and eight were fit best by functions M-R (see supplementary material, Table S1 ). The average r 2 was 0.966±0.062 (±SD) for functions A-L, 0.927±0.100 for M-R, and 0.745±0.202 for the logarithmic function. Thus, kinetic functions A-L explained 22.1 % more of the EAG variation than did the logarithmic regression. Of 21 dose-response curves from laboratory bioassays (orientation to source or other behavior), all were explained best by kinetic functions. Of these data sets, 16 were fit best by functions A-L and five were best fit by functions M-R (Table S2 , supplemental material). The average r 2 for functions A-L was highest at 0.912±0.149, followed by functions M-R at 0.803±0.272, and least for the logarithmic function at 0.623±0.297. Thus, functions A-L explained 28.7 % more of the laboratory bioassay variation than did the logarithmic regressions. Similarly, of 23 dose-response curves using field catches, all but four were explained best by kinetic functions, and of these, 14 were fit best by functions A-L and five were fit best by M-R (Table S3 , supplemental material). The average r 2 was 0.771±0.270 for functions A-L, 0.748±0.310 for M-R, and 0.687±0.320 for the logarithmic regressions. Thus, functions A-L explained 8.4 % more of the catch variation than did the logarithmic regressions. The regression coefficients for the functions (Table 1) best fitting the various data sets from the literature are given in the footnotes of their corresponding table (Tables S1-3) .
A logistic function Y=a/(1+X/b c ), when applied to the EAG data sets (Table S1 ), would not fit in 14 of the cases, while of the 31 pairs in which kinetic formation and logistic functions could be fit, the average r 2 was 0.967 for kinetic functions A-L, compared to r 2 =0.817 for the logistic ones (15 % more variation explained by kinetic than logistic). The kinetic functions are also applicable to inhibitor dose-response curves that are less common. Tilden and Bedard (1988) used attractive pheromone-baited traps releasing the bark beetle inhibitor verbenone at 1, 10, 100, and 1000 mg/ day, and obtained mean catches (Y) of 8.6, 2.7, 1.5, and 0.4, respectively. A third-order kinetic decay function Y=a/ (1+2a 2 bX) 0.5 , where a=22.5 and b=0.0058, gave r 2 =0.971, a better fit than the logarithmic function (r 2 =0.490). In another experiment, they increased the relative release rate of aggregation pheromone by ten-fold, with the above dosages of verbenone, and caught means of 94.5, 65.9, 21.7, and 4.8 (Fig. 3) , was transformed into a sigmoid curve when plotted on a log scale (Fig. 5) . As expected, the logarithmic curve (Fig. 3) became linear when plotted on a log scale (Fig. 5) . As stated earlier, the composite of 50 convex curves plotted on a linear x-scale gave a sigmoid curve (Fig. 4) that was also sigmoid when plotted on a log scale for the X-axis (similar to sigmoid curve in Fig. 5 but shifted to the right, not shown).
Comparison of Dose-response Curves and EAR and EAR c in the Field
The catch of bark beetle Ips typographus (Fig. 6 , data from Table S3 ) in response to increasing releases of aggregation pheromone component, cis-verbenol, with a constant release of 2-methyl-3-buten-2-ol, was well fit (r 2 =0.996) by the kinetic function Y=a−(a (1−c) +bX(c−1)) (1/(1−c)) (function E, Table 1 ). The EAR (Fig. 6 ) was calculated from this catch (on 10 baited traps), using function E and a blank trap catch totaling 36 (from 10 traps), with an estimated pipe trap silhouette of 0.125 m 2 . The EAR was converted to the twodimensional EAR c (Fig. 6 ) by using the SD (2.75 m, Byers et al. 1989 ) of the beetle's vertical flight distribution (Fig. 6) . These results indicate that EAR and EAR c increase with semiochemical release rate in a similar relationship as the catch, providing there is no arrestment or disorientation caused by high levels of attractant.
Discussion
The number of olfactory sensilla per antenna ranges from a high of 59,000 in the saturniid moth Antheraea polyphemus (Meng et al. 1989) to about 1300 in the mosquito Culex pipiens (Hill et al. 2009 ), 860 in the wheat bug Eurygaster maura (Romani and Stacconi 2009) , to 370 in females of the parasitoid wasp P. cerealellae (Onagbola and Fadamiro 2008) . Pheromone molecules enter a pore in a sensillum, with each sensillum having many pores at densities of 2.8 pores/μm 2 in Pteromalus cerealellae wasps to 25-53 pores/μm 2 in Coleophora moth spp., Onagbola and Fadamiro 2008; Faucheux 2011 ). Then, one or more of these molecules may couple with a membrane-bound receptor enzyme system (it is unknown how many per pore) and elicit a depolarizing spike (Hill et al. 2009; Leal 2005; Rützler and Zwiebel 2005; Sachse and Krieger 2011) . Thus, my simulation model is simple, positing 10 4 receptors and a few million molecules compared to natural systems. Although simple, the model (Fig. 1) captures the essential aspects of antennal reception of semiochemicals. It should not matter whether the receptors or the molecules (or both) are generated at random because the interaction of receptors and molecules is random in either case. However, the model only randomized the molecular paths that might strike a receptor position on the antenna on which a receptor occurs every 100 positions.
The output of the simulation model gave a convex curve that was not fit by the common logarithmic function (R 2 =0.79), but was fit nearly exactly by members of a family of non-linear kinetic functions (A-L Table 1 , R 2 ≈1.00). The functions model enzyme kinetic curves of either first, second, Fig. 5 A kinetic formation function fitting the simulated data, representing antennal response to varying concentrations of pheromone molecules (from Fig. 3 ), plotted on a log scale on the x-axis giving a sigmoid curve (solid line). The logarithmic function (from Fig. 3 ) when plotted on the log scale gives a straight line (dashed line). The cutoff of 5×10 6 molecules is indicated for comparison to Fig. 3 Fig . 6 Relationships between pheromone release rate (0.01 to 10 mg/day cis-verbenol and 50 mg/day 2-methyl-3-buten-2-ol) and catch of bark beetle Ips typographus (Schlyter et al. 1987) were fit by kinetic function
, where a=2257, b=2.445E-7, and c=3.1662, R 2 =0.999]. This function was used to calculate the corresponding spherical effective attraction radius (EAR) and circular EAR c third, or variable order formations. A first-order formation would involve an enzymatic conversion of chemical A to B, depending on C (concentration of A), according to dC/dt=-kC, where k is a rate constant. In the functions A, C, E, I, M, O, and Q, the parameter (a) represents the approximate asymptote of the response variable (Y), while in functions B, D, F, H, J, N, P, and R, the approximate asymptote is estimated by parameter (b). TableCurve 2D provides formulas for the dosage at 50 % maximum response (X 50 ), except for functions G-L, but these were not verified except for functions A: X 50 =ln(2)/b and B: X 50 =ln(2)/c.
These kinetic functions are a sound basis for finding the best fitting curve through dose-response data, because these data are founded on antennal reception. Furthermore, it is well known that enzymes and odorant binding proteins (OBP) play a key role in olfactory reception of semiochemicals in the antennal sensilla, (1) by binding the molecules at cuticular pores and transporting them across the sensillar lymph fluid by diffusion to the dendritic membrane, (2) then by releasing the semiochemicals at, or interacting with, the transmembrane enzyme complexes (odorant receptors and non-specific ion channel proteins, and/or sensory neuron membrane proteins and/or G-protein pathways), and (3) by degrading the semiochemicals for removal (Leal 2005; Rützler and Zwiebel 2005; Sachse and Krieger 2011) . There are obviously additional enzymatic reactions downstream that function in the interneuronal connections and brain processing that may cause the insect to move toward an odor source when walking or flying. These complex kinetic interactions in the insect justify using many kinetic functions of variable orders to obtain the best fits of particular data. Of the kinetic functions (A-L), the functions through the origin fit the catch data better (22 of 23), while non-origin functions fit the EAG data better (27 of 45), although there were a considerable variety of functions best fitting the data. Catch always drops to zero at zero dosage in the field, while EAG's have spontaneous activity that may better fit non-origin functions.
The 50 theoretical dose-response curves, each representing an individual receptor cell (Fig. 4) , has a biological basis as demonstrated by O'Connell (1985) , in which 35 pairs of neurons of the male cabbage looper moth each had similar but slightly different patterns of response to Z7-12:Ac or Z7-12:OH. Thus, it was possible to simulate a population of receptors with different sensitivities and convex dose-response curves on a linear scale and sum the responses (as an EAG would) to obtain a sigmoid dose-response curve. When this sigmoid curve, or the convex curve (Fig. 3) , is plotted on a logarithmic dosage scale, then the resulting curves are sigmoid (Fig. 5) . This suggests that dose-response curves for EAG (voltage or spike frequencies), behavioral bioassays in the laboratory, and catches in the field should generally be sigmoid curves approximated by kinetic formation functions.
In the curve fitting of the sample sets extracted from the literature, the R 2 values were adjusted by TableCurve 2D to show the amount of variance that each function explains in the population as inferred by the sample data. Adjusted R 2 (defined as r 2 here) adjusts the R 2 downward depending on the number of sample points and model terms. The R 2 was adjusted because we are interested in fitting models that apply to insect species and not sample sets, and because models with more terms should not have an unfair advantage. All of the 20 studies reporting EAG dose-response curves, 12 of the 15 reports of behavioral assays, and two of the 14 reports of dose-response relationships, based on insect captures, reported results graphically (connection of data by straight lines). The remainder of the cited studies reported results are in the supplementary tables. None of these reports attempted to present their respective dose-response relationships through a descriptive model. However, Teale et al. (1991) and Byers (2007) , using data from the literature (Byers 1988; Byers et al. 1988) , report results for bark beetles assuming a logarithmic relationship between semiochemical dose and behavioral response. Therefore, there was some expectation that logarithmic regression would fit dose-response curves reasonably well.
In the analyses of the literature, all but one of the 45 doseresponse curves using EAG (voltage depolarization or spike frequency), all of the 21 laboratory bioassay curves, and all but four of 23 dose-catch curves were fit best by kinetic functions. The average r 2 for kinetic functions A-L was 0.903 for all examples, which explained 20.1 % more of the variation on average than the logarithmic function (0.701). The highest r 2 fits of the kinetic functions A-L are to EAG dose-response curves (0.966), followed by laboratory bioassays (0.910), and then field catches (0.771). This trend may result because EAG directly reflects the antennal reception, while behavior in the laboratory is based not only on antennal reception but additional factors of physiological state, age, and condition that may influence the unexplained variation in response. Similarly, field catches not only depend on the antennal olfactory system and physiological condition, but have additional variation introduced by environmental variables such as temperature, wind turbulence, wind speed, and frequency of wind direction changes, as well as insect orientation distance. This may also explain why variation in r 2 (indicated by the SD of the mean r 2 ) among examples for EAG (0.062), bioassay (0.149), and catch (0.270) were progressively larger.
While most dose-response curves involving positive responses were fit by kinetic formation functions, it is likely that kinetic functions in the decay form can be fit to dose-response curves of pheromone inhibitors. Although there are few examples of such data, Tilden and Bedard (1988) reported two sets of results demonstrating diminishing trap catch of the bark beetle D. brevicomis to aggregation pheromone when the dosage of the inhibitor verbenone was increased. Visual inspection of the kinetic decay functions indicate they fit better than the logarithmic regression, and the higher r 2 for the kinetic functions supports this.
Although the kinetic functions provided good fit to most of the data sets examined, there were exceptions that were better fit by a logarithmic regression. Studies with dosages that cover a limited range on a log scale could show an exponential-like increasing curve (at lower dosages), a straight line (in the middle of dose-response curves), or a curve of diminishing increase (at the highest saturating dosages). A few studies with a very narrow range of dosages (e.g., EAG responses over only a 10-fold dosage range) showing logarithmic relationships (Ma et al. 1980; Manabe and Nishino 1985) were not included in the analyses. While only five data sets out of 89 were found to be best fit by the logarithmic regression, in two of these cases the dosages only ranged over two orders of magnitude, which may have coincided with the linear portion of the sigmoid curve.
Van Giessen et al. (1994) proposed that a logistic function best fit the EAG data of pea aphid, Acyrthosiphon pisum, in response to plant aldehydes and alcohols from C4-C8. While this study proposed sigmoid functions, they did not describe methods for fitting the function to data nor how well the logistic function fit the experimental data. Sans et al. (1997) do not report how the logistic function of Van Giessen et al. (1994) was fit to EAG dose responses of two attractive pheromone blends for male Mediterranean corn borer moths. Furthermore, logistic terms for the best fitting functions were not reported nor were the R 2 fit values. Using TableCurve 2D, a logistic dose-response equation could be fit to the EAG data sets (Table S1 ) in only 31 of 45 cases. Of these possible comparisons, the kinetic functions A-L fit better and explained 15 % more of the variation than did the logistic regression. Thus, non-linear regression showed kinetic functions fit the EAG dose-response data better than logarithmic and a common dose-response logistic function.
The utility of kinetic functions in describing insect response to pheromone in the field was demonstrated. Therefore, function E was used to predict catch of bark beetle Ips typographus in response to cis-verbenol releases (Table S3 , Schlyter et al. 1987) and converted this to a spherical EAR (effective attraction radius) and circular EAR c (Fig. 6) . As release of pheromone is increased, the EAR and EAR c have similar relationships to catch and, thus, they increase according to a kinetic function. However, extension of the EAR and EAR c at higher dosages may not be appropriate in many cases. For example, whereas bark beetles are attracted to thousands of conspecifics in a tree, male moths respond to single females. If dosage is increased beyond a certain level, then catch of moths begins to decline (Baker and Roelofs 1981; Byers 2007 Byers , 2012b . Thus, the EAR and EAR c cannot be increased indefinitely by increasing dosage because male moths may "conclude" that a female is in the vicinity well before they reach the source of unnaturally high concentrations of pheromone. Another consideration is that, given an initial insect population density, increasing EAR or EAR c in traps causes increased competition among the traps (and calling sex) and will result in diminished increases in catch despite large increases in costs for pheromone (Byers 2012b) .
Results of the conceptual simulations reported herein, in combination with the generally good fit of experimental data to the kinetic functions, suggest these functions have wide applicability in the description of semiochemical dose-response relationships. The use of kinetic formation functions for attractants (and probably kinetic decay functions for inhibitors) will allow more accurate relationships to be calculated for EAG and behavioral responses involving a wide range of semiochemical release rates.
